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Microprocessor-based data acquisition systems were supplied by the Solar Energy Research Institute (SERI) and installed and operated by technicians from the San Luis Valley Solar Energy Association (SLV/SEA) under contract to SERl. SERI also supplied the performance evaluation methodology and the data reduction software.
The objective of this monitoring was to investigate the thermal performance and fuel savings of low-cost solar water heaters, particularly site-buil t systems. The San Luis Valley contains a large assortment of such systems, as well as skilled individuals to assist with the monitoring program. This presented an opportunity to test the performance of several low-cost systems and to determine some of the associated benefits and problems.
A variety of low-cost solar water heating system designs and components were monitored.
Five sys terns have si te-buil t collectors, and two have commercial collectors.
Four of the systems include low-cost, tank-in-jacket heat exchanger/storage tank components.
Two of the systems are air-to-water systems.
The five liquid systems include a drain-down design, a propylene glycol-charged t hermos Lphon system., and three pumped-glycol systems. The systems were installed by varying degrees of professional labor, resulting in a wide range of construction quality. 
THE MONITORING SYSTEM
Each water heating system was monLtor-ed using a microprocessor-based data acquisition system (DAS) that was developed for the SERI Residential Class B Passive Solar Performance Monitoring Program [11. The DAS was adapted to the water heating application by including fluid flow rate and temperature sensors in the hardware package and by reprogramming the data reduction software. Each system had a slightly different combination of sensors and software.
The DAS processed 14 data channels every 15 seconds and stored hourly channel averages on cassette tape. The sensors, described in Table 2 -1, provided the measurements necessary to calculate a basic energy balance for each system. Storage tank temperature profiles and other specific component parameters were not measured.
In addition to collecting and storing raw data measurements, the DAS performed real-time data reduction, converting the raw channel data into system performance functions.
The DAS printed daily summaries of the data reduction functions.
The functions, listed in Table 2 -2, included daily performance factors, which accumulated over a 24-hour period and~'lere zeroed after each daily printout, and monthly performance factors, which accumulated over an entire month and were updated in the daily printouts and zeroed at the end of each month.
The basic energy flows in the system were calculated using a Btu-meter calculation, integrating the product of flow rate, specific heat, and temperature difference.
The IS-second sampling period provided sufficient resolution to accurately integrate this type of function, which included the net solar and auxiliary heating and the gross solar energy collected by pumped-liquid systems. For air-to-water systems, the air flow rate was measured once, using hot-wire anemometry, and assumed constant whenever the collector fan operated.
Collector flow was not measured for the thermosiphon system because a flowmeter in the fluid path might have interfered with the flow. However, the flow rate could be approximated from the energy and temperature measurements.
For electric water heaters, the gross energy input to the auxiliary water heater was determined from measurements of the electric current drawn and the AC supply voltage.
For fuel-fired water heaters, the on-time of the burner was monitored, and the fuel flow rate was measured once and assumed constant. 
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All of the systems use a double-tank configuration.
Cold water enters the solar storage component, where it is preheated by the solar collectors before entering a second tank, which is equipped with electric or gas auxiliary heating. The overall performance of each system, summarized in Table 3 -2, was derived mostly from the daily and monthly printouts of the real-time data reduction functions. The performance factors in Table 3 -2 have the same definitions as the corresponding functions in Table 2 -2.
Toe following discussion of the performance of each system is based on these functions and examination of the detailed hourly data. The jacket is also uninsulated. Preheated water from this tank goes to a 52-gal (197-L) electric auxiliary water heater.
During this study the system performed well, meeting 46% of the 64-gal/day (242-L/day) hot water demand.
The collector efficiency was 33%, the highest of the seven systems monitored.
The net solar efficiency was 23%, with most of the thermal losses due to the uninsulated outer jacket.
If this jacket were insulated to R11 (0.5 W/m 2°C ), the reduction in thermal losses would raise the net solar efficiency to about 30% and the solar fraction from 46% to about 50%. The collector flow rate of 3 gall min (0.2 L/s) gives a sufficient fluid capacitance rate (1250 Btu/h OF) (660~?/oC) to maintain the temperature increase across the collector at 4 0F (7°C) or less. This keeps the collector outlet temperature relatively low and results in a high collector heat removal factor and a high efficiency.
SYSTEM 2: SAN LUIS SITE-BUILT WATER HEATING SYSTEM
System 2 uses a roof-mounted si te-buil t collector and an insulated 42-gal (159-L) storage tank.
The collectors are double-glazed with fiberglass and use tube-on-plate construction in a parallel configuration.
A copper hea t exchanger coil is soldered to the storage tank exterior.
The heat transfer fluid is a propylene glycol solution. roe system met 57% of a 39-ga1/day (159-L/day) hot water demand. As was true for three others of the seven systems tested, the hot water demand in this system was not sufficient to fully utilize the solar heater.
System Characteristics
The net solar heating was about equal to the standby heat loss from the electric water heater.
Nevertheless, the net solar efficiency was 23%, and the collector efficiency was 25%.
These figures would have been higher with a larger water load.
SYSTEM 3: SAN LUIS SITE-BUILT THERMOSIPHON SYSTEM
This system uses a ground-mounted, site-built collector, similar to the collector in system 2, but in a thermosiphon configuration.
A propylene glycol solution circulates by thermal buoyancy between the collector and the storage tank/heat exchanger component located in an attic about 6 ft (2 m) above the top of the collector.
Similar to system 1, the heat exchanger is a tank-in-jacket design, with the heat transfer fluid circulating between the tank and jacket walls.
Due to space limitations in the attic, the tank is positioned horizontally. The outer jacket is insulated to Rll (0.5 W/m 2°C ).
The system met 47% of a meager 16-gal/day (60-L/day) hot water demand. Again, the small water demand reduced the solar heater performance, and the largest energy flow in the entire system was the standby heat loss from the electric auxiliary water heater.
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The net solar efficiency was 7%J with a collector efficiency of about 9%. The low collector efficiency was caused by low collector flow J which resulted in high collector temperatures and large thermal losses. Although the flow in the thermosiphon loop could not be directly measured, the calculated flow rate never exceeded 0.06 gal/min (4 mL/s), resulting in a collector heat removal factor of less than 0.2.
The results can be seen in Fig. 3-2 J wher e the temperature rise across the collector reaches 55°F (31°C).
The low flow and high temperatures are partly due to the high viscosity of the glycol solution (about six times that of water) and the relatively high collector inlet temperatures caused by the heat exchanger (compared to a direct system). The theoretical peak flow rate is about 0.6 gal/min (40 mL/s) , 10 times the calculated flow, and the maximum collector temperature rise is only about lOoF (lloe) [2] .
The exact cause of the low thermosiphon flow is not clear. The collector is made with 1/2-in.(1.3-cm)-diameter pipe, soldered in a parallel configuration for low flow resistance J and the connecting pipe has a I-in. (2.5-cm) diameter, sufficient to allow much higher flow rates.
It is possible, however, that there is some major restriction in the piping or the heat exchanger/storage tank component.
SYSTEM 4: SAN LUIS AIR-To-liATER SYSTEM
This system is an air-to-water system with a roof-mounted, site-built collector and an integral storage tank/heat exchanger component.
The collector is a Ramstetter-type design with an aluminum absorber and a corrugated fiberglass glazing [3] . Metal 
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pattern through the collector. The 40-gal (151-L) storage tank is surrounded by an air passage through which the air is circulated from the collector.
The system met 46% of a 39-gal/day (148-L/day) hot water demand, with a net solar efficiency of 9% and a collector efficiency of 20%. The collector efficiency measurement was relatively uncertain because a 25% collector air leakage rate made flow measurements difficult. Nevertheless, it is clear that much of the collected energy was not being used to heat the domestic water. Conduction losses through the outer tank wall could not account for all the lost energy. Instead, the collector outlet temperature remains well above room temperature, and the inlet temperature approaches the outdoor air temperature.
This suggests a thermosiphon loss mechanism that operates whenever the collector fan is off.
The warm storage tank is in direct contact with air in the collector loop. This air rises~lhen heated by the tank, travels through the collector outlet duct to the collector, where it is cooled or mixed with outdoor air (via collector leaks), and returns down the collector inlet duct to cool the storage tank. The air in the inlet duct is as much as 14 0F (8 oC) cooler than the air moving up the outlet duct.
Another similar thermal loss mechanism may be induced by leaks in the heat exchanger, so that indoor air leaks into the duct and is heated by the tank; Ill ---------------------....; ........;.""--this air then travels out through the collector. remove energy from the storage tank.
This chimney action can also This results in a lower collector heat removal factor and higher collector outlet temperatures and thermal losses.
SYSTEM 5: A.LAMOSA AIR-To-WATER SYSTEM
System 5 is an air-to-water system. It uses a roof-mounted, site-built collector similar to the system-4 collector, except that the air path is straight rather than serpentine. The storage tank/heat exchanger component is located in the basement, with the collector inlet and outlet ducts in conditioned space.
The system performed similarly to system 4, heating 53% of a 36-gal/day (136-L/day) load.
Again, the solar performance was penalized by a small hot water demand.
The net solar efficiency was 8%, and the collector efficiency was 22%.
A thermosiphon loss mechanism occurs in this system as well.
As Fig. 3-4 shows, the temperature in the collector outlet duct remains above room temperature when the collector fan is off, while the inlet duct temperature approaches room temperature. It appears that basement air is leaking into the heat exchanger and traveling up to the collector (which has a 10% leakage rate), removing heat from the storage tank.
There are backdraft dampers in the collector inlet duct just below the collector and in the outlet duct just above the tank. Apparently the damper near the tank leaks somewhat.
Other performance factors were similar to those of system 4, and Fig. 3-4 shows, again, as much as a 40 0 F (22°C) rise across the collector. One difference between the two systems is that this system consumes more electricity for the fan.
The system coefficient of performance (COP) was 3.3 based on the collected energy and only 1. 2 based on the net solar energy used.
Since-the fan motor is ventilated by the collector air flow, a significant amount of the collected heat is actually contributed by the fan.
One reason for the low COP is that the collector fan continues to run in the afternoon until the collector temperature rise is close to zero.
Because the specific heat of air is low, very little energy is collec ted and the COP during these hours is quite low.
3.6 SYSTEM 6: ALAMOSA COMMERCIAL WATER lIEATING SYSTEM System 6 uses two commercial collec tors and a well-insulated 80-gal (303-L) storage tank.
The collectors are single-glazed, with a selective-surface steel absorber that is formed around the copper tubing.
The heat transfer fluid is a propylene glycol solution.
TR-1727 TIle system met 70% of a 53-gal/day (200-L/day) hot water demand, preheating the water to an average of 124°F (51°C). The high temperature of the water supply--880F (31 0C)--resulted from nearby geothermal activity. The collector efficiency was 24%, and the net solar efficiency was 23%.
Data collection at this site stopped when the data acquisition hardware was seriously damaged during a severe lightning storm. All the sites were soon equipped with lightning arresters that direct any lightning charge to ground without damaging equipment. No further lightning damage resulted, despite the high incidence of lightning in the San Luis Valley.
3.7 SYSTEM 7: SAN LUIS COMMERCIAL WATER HEATING SYSTEM System 7 uses a commercial collector and a 65-gal (246-L) storage tank in a drain-down configuration.
The collector is single-glazed with a selectivesurface copper absorber.
The system contributed 40% of a 135-gal/day (511-L/day) hot water load. The net solar efficiency was 27% and the collector efficiency was about 28%. The high collector efficiency was partly due to the large hot water demand (the family includes five young children).
The average preheat temperature was only 86°F (30 0C), whf ch kept the collector temperature low and improved the efficiency.
The average hot water output temperature was relatively low at TR-1727 This system performed remarkably well despite a serious control flaw. Due to an improperly placed sensor or a faulty controller, the collector pump cycled on and off an average of 49 times per day, draining the collector each time. Although most of the cycling occurred during times of marginal solar input, it wasted a significant fraction of the collected energy and made measurement of the collected energy impossible. If this problem is corrected in the future, the system performance should be excellent.
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The air-to-water systems 4 and 5 did not perform as well as the pumped-liquid systems.
The low specific heat of air caused lower collector heat removal factors; the collectors and heat exchangers leaked significantly; and thermosiphon and chimney air circulation mechanisms caused substantial heat losses when the collector fan was off.
COLLECTOR PERFORMANCE
The collector efficiencies in Table 3 -2 suggest that the si te-buil t liquid collectors (in systems 1 and 2) performed as well as the commercial collectors (in systems 6 and 7).
The systems containing the commercial collectors, however, had some performance penalties: the high water supply temperature in system 6 and the control problem in system 7.
It would be unrealistic to conclude that site-built collectors are as efficient as commercial models in general; however, these results show that the site-built collectors do perform adequately.
The air collectors operated with acceptable, albeit uncertain, efficiency. The air leakage rates, 25% in system 4 and 10% in system 5, decreased collector performance and promoted thermosiphon heat loss mechanisms that decreased system efficiency.
LOAD EFFECTS
The performance of each system depended somewhat on the hot water demand it supplied. A large hot water load resulted in the use of more solar energy and reduced the storage and collector temperatures, increasing system efficiency. At the sites with small loads, the largest energy flows in the water heating system were standby tank heat losses. In these cases, additional tank insulation would probably provide more energy savings at less cost that even the least expensive site-built solar heater. At the sites with larger loads, low-cost energy and water conservation measures would augment the value of the solar heater by reducing the amount of purchased energy and would improve the cost-effectiveness of the entire system.
Hater conservation, however, will make the solar heater appear less efficient for the reason noted above.
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FUTURE WORK
The disappointing performance of the thermosiphon system suggests the necessity for future work in this area. Freeze-proof thermosiphon systems have not been exhaustively researched, and further testing of low-cost designs would be useful. This testing should include extensive instrumentation of the storage component to isolate the various energy flows more precisely than was possible in this project.
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APPENDIX B UNCERTAINTY ANALYSIS
The following calculations relate the estimated experimental errors of the individual measurements to the uncertainty of the energy quantities derived from these measurements.
The uncertainty calculations are based on representative instantaneous values of each measurement. They provide a guide to the magnitude of the uncertainties and their sensitivity to individual measurement errors.
The derived energy quantities are integrated values based on transient measurements made at IS-second intervals over the span of several months. A complete time-dependent uncertainty analysis would be an enormous t ask , far beyond the scope of this project.
The analysis shows that the calculations of the gross auxiliary energy us e , the net auxiliary heating, and the net solar heating were relatively precise, with calculated uncertainties of 4% to 6%. The values for the gross solar energy collected, for both air and liquid systems t had a large uncertainty: 28% to 36%. The specific heat has 2% error due to temperature dependence and uncertainty of the glycol content. ". '--------------------------------------- Notes:
The AMPROBE current transducer is accurate to 1 A, and a representative current is 16.7 A (4 kWat 240 V). The AC voltage has 1% error.
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